Abstract. A novel frequency domain technique for image blocking artifact reduction is presented in this paper. For each block, its DC and AC coefficients are recalculated for artifact reduction. To achieve this, a closed form representation of the optimal correction of the DCT coefficients is produced by minimizing a novel enhanced form of the Mean Squared Difference of Slope (MSDS), for every frequency separately. Experimental results illustrating the performance of the proposed method are presented and evaluated.
Introduction
The block based discrete cosine transform (B-DCT) scheme is a fundamental component of many image and video compression standards. Since blocks of pixels are treated as single entities and coded separately, correlation among spatially adjacent blocks is not taken into account in coding, which results in block boundaries being visible when the decoded image is reconstructed. Such so-called "blocking" artifacts, are often very disturbing, especially when the transform coefficients are subject to coarse quantization. In this paper a new method is proposed for the reduction of the blocking effect in the B-DCT schemes. This method is applied only on the compressed data. The lowest DCT coefficients are recalculated by minimizing a novel enhanced form of the Mean Squared Difference of Slope (MSDS) [1] , which involves all eight neighboring blocks. The minimization is constrained by the quantization bounds and is performed for every frequency separately. Thus, a closed form representation is derived, which predicts the DCT coefficients in terms of the eight neighboring coefficients in the subband-like domain. The rest of this paper is organized as follows: Section 2 presents in detail the blocking artifact reduction algorithm by constrained minimization. Experimental results given in Section 3 evaluate visually and quantitatively the performance of the proposed methods. Finally, conclusions are drawn in Section 4.
Reduction of Blocking Artifact in the Frequency Domain
As noted, blocking effects result in discontinuities across block boundaries. Based on this observation, a metric called Mean Squared Difference of Slope (MSDS) was introduced in [1] , involving the intensity gradient (slope) of the pixels close to the boundary of two blocks. Specifically, it is based on the empirical observation that quantization of the DCT coefficients of two neighboring blocks increases the MSDS between the neighboring pixels on their boundaries. To better understand this metric, consider an 8 × 8 block f of the input image and a block w vertically adjacent to f . If the coefficients of the adjacent blocks are coarsely quantized, a difference in the intensity gradient across the block boundary is expected. This abrupt change in intensity gradient across the block boundaries of the original unquantized image is rather unlikely, because most parts of most natural images can be considered to be smoothly varying and their edges are unlikely to line up with block boundaries. From the above, it is clear that a reasonable method for the removal of the blocking effects is to minimize the MSDS, which is defined by:
where d 1 (m) is the intensity slope across the boundary between the f and w blocks, defined by:
and d2(m) is the average between the intensity slope of f and w blocks close to their boundaries, defined by:
The ideas in the above discussion are applicable to both horizontal and vertical neighboring blocks. Specifically, if blocks w, e denote the blocks horizontally adjacent to f , and blocks s, n present the blocks vertically adjacent to f , then, the MSDS which involves both horizontal and vertical adjacent blocks (hereafter, MSDS 1 ) is given by:
where εe, εs and εn are defined similarly to (1) (2) (3) . We now extend the definition of MSDS by involving the four diagonally adjacent blocks. If nw is a block diagonally adjacent to f , then, we define:
where g 1 = f (0, 0) − nw (7, 7) and
If nw, ne, sw and se are the four blocks diagonally adjacent to f , the MSDS involving only the diagonally adjacent blocks (hereafter, MSDS 2 ) is:
where ε ne , ε sw and ε se are defined in a manner similar to (5) and (6). Thus, the total MSDS (hereafter, MSDSt) considered in this paper, involving the intensity slopes of all the adjacent blocks is:
The form of MSDS used in the proposed methods of [1, 2] is MSDS 1 , which, as mentioned above, involves only the horizontal and vertical adjacent blocks for its computation and thus does not use the intensity slopes of the four diagonally adjacent blocks. This implies that their methods cannot remove the specific type of blocking artifact called "corner outlier" [3] , which may appear in a corner point of the 8 × 8 block.
In [2] a global minimization of the MSDS1 is proposed for the reduction of blocking effects. However, since B-DCT schemes (such as JPEG) use scalar quantization (i.e., quantization of individual samples) for each frequency separately, a separate minimization of the contribution of the quantization of each particular coefficient to the blocking artifact is more appropriate than a global minimization. Global minimization would be more suitable if vector quantization (i.e., quantization of groups of samples or vectors) of the DCT coefficients were used, which is, however, not the case in B-DCT coding schemes. Consider also that, since DCT transform is very close to KL transform, the DCT coefficients are almost uncorrelated [4] . Thus, the modification of each DCT coefficient based on the minimization of MSDS which includes values of the lowpass, middle-pass and high-pass frequency coefficients is obviously not the best solution, and the minimization of MSDS t for each frequency separately is the appropriate procedure.
The new enhanced form of the MSDSt involving all eight neighboring blocks is used in this paper, and its local constrained minimization for each frequency, produces a closed-form representation for the correction of the DCT coefficients in the subband-like domain of the DCT transform. To achieve this, the form of MSDS t in the frequency domain is obtained, and all other frequencies apart from the one (k, l) under consideration are set to zero. It was observed that only the first sixteen DCT coefficients (i.e., 0 ≤ k, l ≤ 4) need to be recalculated by MSDS minimization, since the modification of the remaining coefficients does not improve significantly the reduction of the blocking artifacts (because of their poor contribution to MSDS [2] ), while requiring nonnegligible extra computational load. In the sequel, the MSDSt is calculated and minimized in the frequency domain. 
Calculation of MSDS 1 in the frequency domain
where 0 ≤ m ≤ 7. Let G denote the discrete cosine transformation matrix (where the uth row of G is the basis vector C(u) cos((2m + 1)uπ/16)) and G T denote its transpose. Then, the f block can be derived from the inverse DCT transform as follows:
Let Gx and G y denote the xth row and yth column of the discrete cosine transformation matrix G. Using (10), f (m, 0) is easily seen to equal G T m F G 0 . Likewise, the other terms of (9) can also be expressed in the frequency domain and (9) can be expressed as follows:
Since,
where u denotes the row number and 0 ≤ u ≤ 7, expression (11) reduces to:
Since G is a unitary orthogonal transform,
where I is the identity matrix. Thus, adding the squares of (13) for all m according to (1), the MSDS term εw between the f and w blocks is produced:
The sum of the MSDS terms of the f block corresponding to the four horizontally and vertically adjacent blocks can now be expressed as [2] :
Calculation of MSDS 2 in the frequency domain
Using (6) the expression g1 − g2 which is used for the calculation of the MSDS term ε nw in (5) is found by:
The above may be expressed in the frequency domain, using (10) as:
Using (12), eq. (17) reduces to:
Using (5), the MSDS term εnw is now easily computed. Likewise, similar expressions are found for ε ne , ε sw and ε se , and from (7) the expression of the MSDS2 in the frequency domain is immediately obtained.
Local Minimization of MSDS t for each frequency
We now set to zero all frequencies apart from frequency (k, l). This implies that we set to zero all elements of the DCT matrices, involved in the expressions of MSDS 1 and MSDS 2 in the frequency domain, apart form the specific (k, l) element. Thus, for the computation of MSDS1 using (15), we set to zero all elements with frequencies (i, j) = (k, l) of the matrices F , W , E, S and N . If pi is the ith element of the vector (3G 0 − G 1 ), the MSDS kl 1 for the specific frequency (k, l) is now easily derived from (15):
where the subscripts k, l indicate the (k, l)th element of each matrix. For MSDS2, we also set to zero all frequencies apart from the frequency
, and using (5) and (18), we obtain for the MSDS term ε kl nw computed only for the (k, l) frequency the following expression:
For all four diagonal blocks, the MSDS kl 2 for the specific frequency (k, l) is:
Setting the gradient of MSDS kl 1 and MSDS kl 2 to zero, we obtain the representation corresponding to the minimum MSDS kl t . Therefore, the imposition of
results to:
where R = 9a
Thus, (23) provides the following expression of the DCT coefficient at frequency (k, l) in terms of its eight neighboring Laplacian corrected DCT coefficients in the subband-like domain:
where
are the quantization upper and lower limit respectively. Equation (24) subject to the constraint of equation (25) provides the correction of the (k, l) DCT coefficient for the reduction of the blocking effect in B-DCT coded images (e.g. JPEG coded images).
Experimental Results
In this section, simulation results demonstrating the performance of the proposed technique are presented. For this purpose, several images of different characteristics were chosen and compressed using a JPEG picture. In order to measure and evaluate the performance of our approach for blocking artifact reduction, the proposed constrained optimization method is applied to the test images. Commonly used metrics, such as the mean square error or signal to noise ratio were not employed, since they involve pixels of the entire image and not just the pixels near the block boundaries. Rather, the value of the MSDS t per block is used for the evaluation of our technique. The MSDSt is computed along each block boundary, considering a common boundary between two adjacent (vertical, horizontal or diagonal) blocks only once. Table 1 shows the image name, its size, the MSDSt of the original image (all in the first column), the coding rate (bits per pixel) and the value of the MSDS t per image block for the cases of the nonsmoothed reconstructed image, of the reconstructed image processed by method of [2] and finally for the case of the reconstructed image processed by the proposed algorithm.
As expected, in B-DCT coded images the value of MSDS t per block increases compared to the original images, due to quantization. Our approach shows a significant reduction of the MSDSt and clearly outperforms the method proposed in [2] . A visual illustration of the performance of our method, showing the JPEG reconstructed magnified portions of "Lenna" and "Peppers" images and the corresponding reconstructed portions of the images processed by the proposed method is shown in Fig.  1 . These figures illustrate the efficiency of the proposed method.
Conclusions
When images are highly compressed using B-DCT transforms, the decompressed images contains bothersome blocking artifacts. This paper presented a novel algorithm applied entirely in the compressed domain, in order to reduce these blocking artifacts. A novel form of the criterion of Mean Squared Difference of Slope (MSDS) is also introduced involving all eight neighboring blocks. MSDS is then minimized for each frequency separately, producing a closed form for the correction terms for the DCT coefficients so as to achieve reduction of the blocking effect of coded images. Experimental evaluation of the performance of the proposed technique showed its ability to detect and alleviate blocking artifacts effectively. 
